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Influence of Larval Gizzard Shad (Dorosoma cepedianum) 
Density on Piscivory and Growth of Young-of-Year Saugeye 
(Stizostedion vitreum x S. canadense) 
Thomas P. Stahl and Roy A. Stein' 
Aquatic Ecology Laboratory, Department of Zoology, The Ohio State University, 7 3 14 Kinnear Road, Columbus, OH 432 12- 7 7 94, USA 
Stahl, T.P., and R.A. Stein. 1994. Influence of larval gizzard shad (Borsscama cepedianum) density on 
piscivsry and growth of young-of-year saugeye (Stizostedion vitreum x S. caraadense). Can. 1. 
Fish. Aquat. Sci. 51 : 1993-2082. 
Growth and survival of young-of-year saugeye (Stizostedion vitreum 9 x S. canadense 6) (stocked into Ohio 
reservoirs to create sport fisheries) are probably influenced by prey availability, variations in which may 
account for historically documented variability in stocking success. Because saugeye switch from a diet of 
zooplankton to fish once stocked, we sought to determine experimentally if saugeye size and available ichthy- 
oplankton, i.e., larval gizzard shad (Borosoma cepediaraum), affected this switch and whether piscivory 
improved saugeye growth. In an enclosure experiment, saugeye (33.9 mm TL) immediately switched to 
piscivory when exposed to ichthyoplankton densities of 20 and l O ~ - m - ~ ,  growing faster when more 
gizzard shad were available. In another enclosure experiment, saugeye 30-49 mm TL consumed 14-rnm 
gizzard shad. In ponds (N = 4 ponds-treatment-') containing zooplankton and chironornids, we com- 
pared saugeye growth with and without larval gizzard shad and found, as in the first enclosure experiment, 
that piscivory improved saugeye growth. Neither saugeye size nor ichthyoplankton density influenced 
how quickly saugeye switched to piscivory. We conclude that managers should stock saugeye 230 mm 
1-2 wk before peak ichthyoplankton densities to improve saugeye growth and survival by enhancing 
opportunities for exploitation of young-of-yeas gizzard shad. 
La croissance et la susvie de jeunes de l'annee issus du croisement entre le dor6 jaune et le dore noir 
(Stizostedisn vitreum B x S. canadense 8 )  (ensernences dans des reservoirs en Ohio pour la peche 
sportive) sont probabfement influencees par I'abondance des proies, dsnt les variations peuvent expli- 
quer la variabilite historique du succ&s de I'ensemencement. Etant donne que ce dore hybride passe d'un 
regime form6 de zooplancton A un regime piscivore d&s I'ensemencernent, nous avons tent6 de deter- 
miner experimentalernent s i  la taifle du poisson et la presence d'ichtyoplancton, c.-a-d. la Barve de I'alose 
a gesier (Dorosoma cepedianum), influen~aient cette modification du regime et s i  le regime piscivose 
accelerait la croissance du dore. Dans une experience en enclos, les dor6s (LT = 33,9 mm) snt adopte imme- 
diatement un regime piscivore Borsqu'ils ont ete exposes h des densites d'ichtyoplancton de 28 et de 
100-m-" et leur croissance s'est revklee plus rapide en presence d'une plus grande quantit6 d'aloses h gesier. 
Dans une autre experience en enclos, des dores de 30 A 49 mrn de LT ont consomm6 des alsses A gesier 
de 14 mm. Dans des etangs (N = 4 &tangs-traiternent-') renfermant du zooplancton et des chironomides, 
nous avons compare la croissance du dor6 avec et sans la presence d'aloses 2 gesier. lVous avons observe, 
comme dans la premi&re experience en enclos, que le regime piscivore activait %a croissance des dorks. 
N i  la taille des dores, ni la densit6 de i'ichtyoplancton n'influen~aient la rapidit6 avec laquelle les dosks 
adoptaient le regime piscivore. Nous concluons qu'il faut introduire ce dore hybride lorsqu'il mesure 
2 38 mrn et 1 A 2 sem avant que la densite d'ichtyoplancton n'atteigne son maximum de mani&re A acceleser 
la croissance et la survie du dore en amelisrant sa capacitk d'exploiter Ces alsses A gesier de lrann6e. 
Received August 3 1, 7 993 
Accepted March 7 6, 1 994 
(J12075) 
augeye (Stizostedion vitreurn 8 X S. canadense d )  are 
predators stocked annually as young-of-year ((YOY) into 
Ohio reservoirs to create and maintain sport fisheries. 
Survival of this hybrid varies dramatically among reservoirs 
and across years at the same reservoir (Stahl et al. 1992, 
1993; M. Austin, Ohio Division of Wildlife, 1076 Old Spring- 
field Bike, Box 576, Xenia, OH 45385, personal conununi- 
cation). In YOY fishes, growth strongly influences survival 
through the first growing season (Gutreuter and Anderson 
1985; Miller et al. 1988; Madenjian and Carpenter 1991; 
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Madenjian et al. 1991) and first winter {Oliver et al. 1979; 
Adams and Deangelis 1987; Post and Evans 1989). There- 
fore, conversion to piscivory by YOY fishes may be par- 
ticularly critical to success because feeding on fish increases 
condition, growth, and survival as compared with the use 
of other prey (Hokansen and Lien 1986; Wicker and Johnson 
1987; Buijse and Houthuijzen 1992). 
Percids reared in hatchery ponds are initially planktivorous, 
become benthivorous (Fox 1989; Fox et al. 1989; Culver 
et al. 1992; Madsn and Culver 1993), and finally switch to 
piscivory if fish prey are available (Mathias and Li 1982). In 
Ohio reservoirs, larval gizzard shad (Dsrosoma! cepedianuan) 
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are the primary prey (B.M. Johnson et al. 1988; Bremigan 
et al. 1991; Stahl et al. 1992) available to stocked saugeye. 
In fact, gizzard shad are preferred prey for many predators 
(Noble 1981; Carline et al. 1986; Matthews et al. 1988; 
Wahl and Stein 1988), including YOY saugeye (B.L. Johnson 
et al. 1988; B.M. Johnson et al. 1988; Stahl et al. 1992). 
Conceivably, high densities and preferred status of gizzard 
shad should permit rapid saugeye growth if they are stocked 
into systems with larval gizzard shad. However, saugeye 
often delay switching from planktivary and benthivory to 
piscivory once stocked (Stahl et al. 1992; Stahl 1993). This 
delay is unexpected given the benefit piscivory should 
convey. 
One factor that could affect the switch from one prey 
type to another is prey density (Mittelbach 1981; Werner 
and Mittelbach 198 1; Pyke 1984; Carline et al. 1986; Lyons 
1987) - variations which could modify encounter rates 
between predators and their prey. As Mathias and Li (1982) 
have suggested for walleye and larval fish (i.e., ichthy- 
oglankton), density likely also affects the time to switch 
for saugeye. 
Another factor that may affect the switch to piscivory by 
saugeye is saugeye size in relation to gizzard shad size. 
Generally stocked into Ohio reservoirs at 30-50 mrn (Stahl 
et al. 1992), saugeye (Lynch et al. 1982; B.L. Johnson et al. 
1988) and walleye (Smith and Pycha 1960; Parsons 197 1; 
Mathias and Li 1982; Jackson et al. 1992) are piscivorous at 
239 and 234 mm, respectively, on fish 33-5096 of their 
total length (Parsons 1971 ; Knight et al. 1984; B.M. Johnson 
et al. 1988). Therefore, some saugeye stocked into Ohio 
reservoirs may either be too small to switch to fish prey or 
they may not find sufficient prey fish of appropriate size. 
Once an age-0 fish becomes piscivorous, its growth and 
survival are dictated by the availability of age-0 forage 
fishes (Smith and Pycha 1960; Forney 1976; Carlander and 
Payne 1977; Adams et al. 1982; Carline et al. 1986; Bersson 
and Greenberg 1990). In Ohio reservoirs, larval gizzard 
shad densities at the time of saugeye stocking are positively 
related to saugeye weight in the fall and percent survival 
through the fall (Stahl 1993). Initial ichthyoplankton avail- 
ability when stocked may be important for saugeye growth 
and survival, just as initial zooplankton availability when 
larval walleye first feed is important to survival (Li and 
Mathias 1982). Madenjian et al. (1991) used prey abun- 
dance immediately after stocking as a basis for walleye 
growth in a modelling exercise. Jester (197 1) and Momot 
et a%. (1977) documented poor walleye recruitment when 
fish grey were unavailable at the time when walleye switched 
to piscivory. By mediating the time it takes for saugeye to 
become piscivorous and thus affecting growth after the 
switch, variable ichthyoplankton (i.e., larval gizzard shad) 
densities in Ohio reservoirs (Bremigan et al. 1991; Stahl 
et al. 1992) could be a key factor influencing saugeye 
success. 
Because ichthyoplankton density may affect the switch 
to piscivory as well as growth after the switch, we sought to 
determine how gizzard shad density affects saugeye growth 
and the time required for saugeye to switch to piscivory. 
We also investigated whether saugeye size at stocking affects 
their ability to consume gizzard shad (i.e., become pisciv- 
orous). Finally, we determined if saugeye grow faster when 
piscivorous, as compared with planktivorous and benthiv- 
oroars. If we understand how ichthyoplankton density affects 
saugeye survival, then we can manage stocking time and/or 
saugeye size to take advantage s f  the abundance of fish 
prey to improve growth and reduce mortality. 
Materials and Methods 
Shad Density and the Saugeye Switch to Piscivsry 
We conducted all experiments at the Hebron State Fish 
Hatchery (Licking County, Ohio) during spring 1992. To 
determine if gizzard shad density influences saugeye growth 
and the timing of the switch to piscivory, we designed a 
bag experiment that consisted of two treatments, low (20-mV3) 
and high ( l ~ ~ e r n - ~ )  gizzard shad density (N = 8 replicates. 
treatment"'). Gizzard shad treatment densities were based on 
minimum and maximum peak ichthyoplankton densities in 
Ohio reservoirs stocked with YOY saugeye (Stahl et al. 
1992; see Dettmers and Stein 1992 for sampling method). 
Experimental units were 4-mil clear plastic bags (107 X 
76 X 178 cm) stapled onto wooden frames associated with 
a walkway constructed in a hatchery pond. To sample gizzard 
shad and saugeye, bags were dismantled through time. 
We required 64 bags for eight replicates and four disman- 
tling dates. 
On 24 May 1992, experimental bags were filled with 
-1 m' of water, most of which was filtered through a 54-pm- 
mesh net. Near the end of bag filling, the filter was removed 
and some zooplankton was added at densities lower than 
high ambient pond densities, yet still greater than reservoir 
densities, to ensure that piscivory was not artificially induced 
by a deficient alternate prey source. Bags were randomly 
assigned treatment and dismantling dates. That night, gizzard 
shad larvae (20 k 2 and 108 k 2Q, low and high densities, 
respectively) were added to bags. Gizzard shad were 
14.1 k 0.2 mm TL (mean k 1 SE, N = 138), about 40% of 
saugeye body lengh. On the following morning, six saugeye 
(33.9 k 0.2 mm TL, 0.252 k 0.005 g, N = 63) were added to 
each bag (day 0). Preliminary experiments indicated that 
handling mortality for gizzard shad and saugeye stocked 
into bags was negligible and that upon dismantling we could 
recover all gizzard shad added to bags (Stahl 1993). 
Water temperatures inside bags were 16.5 - 23°C; dissolved 
oxygen surface to bottom ranged from 7.8 to 16.6 m g . ~ - '  and 
was measured with a YSI meter. On day 1 and immediately 
before the bags were dismantled, zooplankton were sampled 
from each bag with a clear Lexan tube sampler (7.3 cm 
inside diameter, B .6 mm thick; see DeVries and Stein 199 1) 
and preserved in 70% EtOH. One sample consisted s f  two 
1-m water columns taken from the bag with the tube sampler 
and sieve through a 54-pm-mesh net. Bags were dismantled 
on days 2, 4, 8, and 12 to collect saugeye and gizzard shad. 
During dismantling, we pumped all but about 15 L of water 
from the bag with a hose covered by a 5QO-pm-mesh net 
to prevent fish loss. When only a few litres of water remained 
in the bag, we passed a.hand net through the water until 
three successive efforts yielded no fish. Water could not be 
poured out of the bag due to bulkiness and the possibility s f  
losing fish in folds. Saugeye were preserved on wet ice; 
gizzard shad were preserved in 95% EtBH. The experiment 
ended on 6 June 1992 after 12 d. 
For zooplankton sample analysis, cladocerans were iden- 
tified to genus and copepods were identified as calanoids, 
cyclopoids, or nauplii. Rotifers were not counted. For abun- 
dant taxa, a minimum of 50 individuals per sample was 
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counted from a thoroughly mixed subsample. For rare taxa, 
counting proceeded until either 50 individuals or the entire 
sample was counted, if the extrapolated number of individ- 
uals in each taxon was >25.sample-' after one eighth of 
the sample was counted. If the calculated number was ~ 2 5 ,  
the estimated abundance and density of that taxon were 
based on the number counted in the initial one eighth of 
the sample. Up to 22 individuals of each taxon were mea- 
sured (nearest 0.001 mm) from the anterior margin of the 
head to the base of either the tail spine of cladocerans or 
the caudal rami of copepods using a digitizing board. Numbers 
were converted to density estimates (number per litre). 
Gizzard shad from each bag were counted and measured 
(nearest 0.01 mm). All saugeye were measured (nearest 
0.5 mm) and weighed wet (nearest 0.001 g). Before the 
saugeye were weighed, their stomach contents were removed, 
identified, counted, and measured as per the zooplankton 
samples. Prey length was converted individually to biomass 
from length - dry weight regressions (zooplankton from 
Dumont et  al. 1975; macrobenthic organisms from 
G .  Mittelbach, Kellogg Biological Station, Michigan 
State University, Hickory Corners, MI 49060, unpublished 
data) to estimate biomass per saugeye (grams per gram). 
Due to digestion, gizzard shad from guts could not be mea- 
sured; their dry weights were generated from initial mean 
lengths. Dry weights of saugeye were obtained from the 
following independent regression equation: dry weight = 
-0.018 + 0.21. wet weight ( r2  = 0.97, length range 
25-91 mm, N = 319). 
All bags (N = 3) with ~4 saugeye at dismantling were not 
used in analyses. Those bags with more gizzard shad than 
stocked, within error, also were discarded (N = 3). These dis- 
crepancies were the result of either stocking error or bags 
with holes. With these exclusions, replication was 
6-8 bags-treatment-'-dismantling date-'; for saugeye responses, 
the mean of 4-6 remaining saugeye per bag was a replicate in 
analyses. Because bags were independent through time due 
to dismantling, two-way ANOVAs (gizzard shad density X 
dismantling date) were used to analyze response variables. 
Saugeye Size and the Switch to Biscivory 
To judge the competency of saugeye to consume larval 
gizzard shad, we combined eight sizes (30-32, 32.5 -33.5, 
34.5-35.5, 36.5-37.5, 38.5-39.5, 41-42, 43-44, and 
45-49 mm TL) of saugeye with gizzard shad (14.1 A 0.2 mm 
TL). On the evening of 23 May 1992, plastic buckets (22 L, 
0.28 m diameter X 0.36 m height) were filled with 10 L of 
hatchery-pond water filtered through 54-ym mesh. Saugeye 
were collected from a hatchery pond, anesthetized with 
quinaldine, and measured (nearest 0.5 mm). Five saugeye 
of a single size class were added to each bucket (N = 3 
replicates-size class-'). About 24 h later, gizzard shad were 
collected, counted (15 + 2), and added by 23:OO to each 
bucket with 6 L more of water containing pond zsoplmkton. 
Saugeye were allowed to forage overnight and, at 10:OO the 
next morning, we collected the saugeye and preserved them 
on wet ice for stomach analysis. Gizzard shad were col- 
lected m d  preserved in 95% EtBH. At collection, the water 
temperature was 15°C. 
Biscivory and Saugeye Growth 
To determine if piscivory increases saugeye growth, we 
generated two treatments, each with four replicate ponds 
(0.4 ha, 0.5-1 .5 m depth). One treatment contained zoo- 
plankton and chironomid larvae as prey; the other contained 
these prey plus larval gizzard shad. 
Bonds were filled on 4 May 1992 and 60 adult gizzard 
shad, collected from Buckeye Lake (Licking-Fairfield coun- 
ties, Ohio) on 7 May 1992, were randomly added to each 
of four ponds. On 21 May 1992 (day 0), once adult shad 
had spawned, we added about 20 000 saugeye (33.1 f 
0.2 mm TL, 0.216 k 0.004 g, N = 62) to each pond. Gizzard 
shad were 7.69 * 0.12 mm TL (N = 200) 1 d before the 
experiment began. Saugeye were stocked into experimen- 
tal ponds in the same manner as they are stocked into reser- 
voirs. After the rearing ponds were drained, saugeye were 
moved to indoor troughs, where the number in a 227-g 
sample was counted. All saugeye were then bulk weighed, 
evenly divided among eight lots by weight, trucked to each 
pond, and stocked. 
Zooplankton and larval gizzard shad were sampled every 
other day starting 1 d before saugeye stocking. Zooplankton 
were sampled at the deep end of each pond with a tube 
sampler (see previous description) and preserved in 70% 
EtOH. One sample consisted of three 1.5-m water columns 
taken from the pond with the tube sampler m d  sieved through 
a 54-pm-mesh net. Larval gizzard shad were preserved in 
95% EtOH after being collected by hand-hauling at the 
water's surface a 0.5-m-diameter, 500-pm-mesh net in open 
water over half the length of the pond. The net was equipped 
with a flowmeter mounted in its mouth to provide estimates 
of water volume filtered. Starting the day after saugeye 
were stocked, at least 10 saugeye were collected every other 
day before 10:OO. Saugeye were collected from each pond 
within 1 h with a 4.6 X 1.8 m seine (3.2-mm mesh) and 
preserved on wet ice. All ponds were drained on 1 June 
1992. Saugeye were collected, transported to indoor troughs, 
and numbers estimated as described previously. At least 
30 saugeye from each pond were measured (nearest milli- 
metre) and weighed (nearest 0.001 g). To compare larval 
gizzard shad densities between ponds with and without saug- 
eye, on days 7 and 10 of our experiment we sampled a pond 
stocked with an equal number of adult gizzard shad at the 
same time as our experimental ponds. 
We analyzed zooplankton and saugeye as described in 
the bag experiment, with the exception that on each sample 
date, 210 saugeye per pond were measured (nearest 0.5 mm) 
and weighed wet without stomach contents (nearest 0.001 g), 
and the stomach contents of three fish per pond were ana- 
lyzed. For saugeye response variables, the mean of all saug- 
eye analyzed per pond per sampling date was a replicate in 
analyses. Ichthyoplankton sample analysis consisted of 
counting a minimum of 200 individuals~sample-' from a 
thoroughly mixed subsample. Fifty individuals per sample 
were measured (nearest 0.01 mm). Because ponds were s m -  
pled through time, repeated measures ANOVAs (gizzard 
shad presence X sampling date) were used to  analyze 
response variables. 
Results 
Shad Density and the Saugeye Switch to Biscivory 
(Bag Experiment) 
Whether a difference existed between original gizzard 
shad densities and densities on the first sampling day (day 2) 
was used as a qualitative metric for determining if saugeye 
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Days After Saugeye Stocking 
FIG. 1. (A) Mean ( f l  SE) saugeye wet weight through time 
( N  = 6-8, with 4-6 saugeye analyzed for each replicate) for the 
bag experiment done in 7992 at the Hebron State Fish Hatchery. 
Through time, saugeye wet weight increased faster in bags with 
high gizzard shad density (see Table 1). (B) Mean (k1 SE) giz- 
zard shad densities through time ( N  = 6-8). Densities on day O 
represent gizzard shad stocked. Treatment differences (&tests, 
aadj = 8.0125) within a date are indicated by asterisks. 
switched to fish prey in individual bags. This measure was 
used because recovery of gizzard shad from bags was BOO%, 
and gizzard shad were absent from saugeye guts in most 
low-density treatment bags on the first s ap l i ng  day. Gizzard 
shad were missing from bags in both treatments on day 2; in 
turn, frequency of bags with gizzard shad absent did not 
differ between treatments (Pearson chi-square, g = 0.584). 
Thus, treatments did not differ in switch t h e ;  saugeye were 
piscivorsus by day 2. 
Although saugeye in both densities grew (Fig. 1A) as 
gizzard shad densities declined (Fig. BB), those in enclo- 
sures with 100 gizzard shadem-' grew larger than those with 
20.m-~ (Table 1). Neither consumption point estimates of 
zooplankton nor chironomids (grams dry weight per 
gram saugeye dry weight) differed between treatments 
(Fig. 2; Table 1). Saugeye consumed gizzard shad in both 
treatments through day 4 (Fig. 2). However, more gizzard 
shad and total prey were consumed by saugeye in the high 
than in the low gizzard shad density treatment (Table 1). 
Because an interiction effect existed between treatment and 
dismantling day (i.e., time, see Table I), differences in giz- 
- .  
zwd shad and total prey consumed between treatments within 
a single date were tested with an adjusted experimentwise a 
of 0.051s (S = number of comparisons, a,,, = 0.0125) to 
determine when saugeye consumed more prey in the high 
gizzard shad treatment. Gizzard shad and total prey con- 
sumed were greater in the l00-m-' gizzard shad treatment on 
day 2 (t-tests, p < 0.001). In the 20-rn-~ gizzard shad treat- 
ment (Fig. 2B), saugeye diet was primarily zooplankton; 
few gizzard shad were consumed on days 2 and 4 because 
few remained in bags (Fig. 1B). 
Zooplankton was abundant in both treatments. Densities in 
bags ranged from 800 to 2 3 0 8 ~ ~ '  across treatments on all 
dates, except for bags with high gizzard shad densities on 
day 8, when the density was only 3 3 8 . ~ ' .  Zooplankton 
density did not differ between treatments at initial sampling 
on day 1 (t-test, p = 0.87) or through time on dismantling 
days (Table 1). Bosmina spp. were the major zooplankter; 
treatment means for percent Bssmina spp. on each sample day 
ranged from 97.4 to 99.9%. 
Gizzard shad densities in bags differed through time 
(Fig. 1B; Table 1). Due to an interaction effect (see Table l), 
differences in gizzard shad density between treatments within 
a single date were also tested with an adjusted experiment- 
wise a to determine when gizzard shad were more avail- 
able in the 100-m-' gizzard shad treatment. Gizzard shad 
densities were only greater in the 100.m-' gizzard shad 
treatment on day 2 (P-test, g = 0.004). Densities declined 
dramatically through days 2 and 4 in low and high gizzard 
shad bags, respectively. Both low and high gizzard shad 
densities fell to @mS3 on days 8 and 12, respectively. 
Cumulative gizzard shad consumption was positively 
related to change in saugeye wet weight (Fig. 3). Eliminat- 
ing all data except for days after which saugeye had con- 
sumed mostly gizzard shad improved this relationship 
(Fig. 3). 
Saugeye Size and the Switch to Piscivory (Bucket 
Experiment) 
After 11 h of saugeye foraging, an average of 0-5.3 of the 
original 15 gizzard shad remained in each bucket. Number 
of shad consumed by different saugeye size classes did not 
differ (one-way ANOVA, p = 0.184). Stomach analysis of 
saugeye from buckets also revealed that all size classes of 
saugeye had consumed gizzard shad. 
Piscivory and Saugeye Growth (Pond Experiment) 
We ended the pond experiment on day 1 B because larval 
gizzard shad could not be sampled with our ichthyoplankton 
net. Gizzard shad were not evading our net because we were 
able to sample them in a pond without saugeye (see Fig. 4) 
that had been stocked with adult shad simultaneously with our 
experimental ponds. No larval gizzard shad were recovered 
when ponds with saugeye were drained. 
Saugeye grew larger in ponds with gizzard shad (Fig. 4A; 
Table 1) and gizzard shad densities declined concomitantly 
(Fig. 4B). Although saugeye survived better in ponds with- 
out gizzard shad (t-test, p = 0.021), the difference was small 
(97.0 versus 99.9%). 
Gizzard shad did not occur in guts of sampled saugeye. 
Only zooplankton and macrobenthic organisms (i.e., chi- 
ronomid larvae) occurred in saugeye stomachs (Fig. 5). Con- 
sumption point estimates (grams per gram dry weight) of 
zoopldton, chironomids, or total prey did not differ between 
treatments (Table 1). Because we could not explain saugeye 
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Days After Saugeye Stocking 
FIG. 2. Cumulative saugeye stomach contents in bags with (A) high and (B) low gizzard shad 
densities through time (N = 6-8, with 4-6 saugeye analyzed for each replicate) for the bag exper- 
iment done in 1992 at the Hebron State Fish Hatchery. Gizzard shad and total gut contents 
were greater with high gizzard shad (see Table 1); within dates, differences existed on day 2 for 
these measures (t-tests, a,,j = 0.0125). ZP = zooplankton. 
TABLE 1.  Significance levels (g-values) from statistical comparisons for the bag (two-way ANOVA) and 
pond (repeated measures ANOVA) experiments completed at the Hebron State Fish Hatchery in 1992. 
Response variables with units in parentheses are ~ i v e n  for each experiment. N represents number of 
replicates-treatment-'.dismantling/sampling day- . If saugeye were used for a response, number of 
saugeye~replicate-' is indicated in parentheses. In sources of effects, treatment is gizzard shad availability, 
time is dismantling (bag) or sampling (pond) day, and interaction is between treatment and time. Significant 
treatment and interaction effects are indicated by an asterisk; refer to text and figures for direction of 
significant changes. 
Source 
Experiment Response variable 
- - - 
N Treatment Time Interaction 
Pfag Saugeye wet weight (g) 
Saugeye stomach contents (g-g-') 
Zooplankton 
Chironomid 
Gizzard shad 
Total grey 
Zooplankton density (no.-L-') 
Gizzard shad density ( n ~ . - r n - ~ )  
Bond Saugeye wet weight (g) 
Saugeye stomach contents (g-g-') 
Zooplankton 
Chironomid 
Total prey 
Zooplankton density (n0.s~- ')  
Gizzard shad density (no .~m-~)  
weight differences on the basis s f  observed prey consump- 
tion, we examined prey availability and electivity to deter- 
mine where differences existed between treatments. 
Mean total zooplankton density per pond per date ranged 
from 467 to 14 7 9 3 . L '  during the experiment; densities 
were lower in gizzard shad ponds (Table 1). As in the bag 
experiment, Bosrnina spp. were most numerous and com- 
prised at least 84% of the zooplankton density after day 0. 
Calaamoid, cyclopid,  nauplius, and Bwphnin spp. densities 
were unaffected by gizzard shad (repeated measures ANOVA, 
for all treatment effects: p > 0.05). 
Saugeye electivity (Chesson's alpha: Chesssn 1978, 1983) 
differed among zooplankton taxa (calansids, cyclopoids, 
nauplii, Duphnia spp., Bosrnina spp., and other cladscer- 
ans) in  both treatments. Saugeye generally preferred 
cyclopoids and Baphniu spp., showed neutral electivity for 
calanoids, and avoided nauplii, Bosrninn spp., and c~ther 
cladocerans. Saugeye electivity between treatments for indi- 
vidual taxa on each sampling day did not differ (t-tests, 
- - .  
a,,. = 0.01). 
Aizzard shad densities in ponds differed through time 
(Fig. 4B; Table 1). Due to an interaction effect (see Table I), 
differences in gizzard shad density between treatments within 
a single date were tested with an adjusted experimentwise a 
of 0.05/S (S  = number of comparisons, aadj = 0.008) to 
determine when gizzard shad densities were no longer greater 
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Cumulative Gizzard Shad Consumption 
FIG. 3. Change in saugeye wet weight versus cumulative gizzard 
shad consumption (determined from gizzard shad bag counts) 
for the bag experiment done in 8992 at the Hebron State Fish 
Hatchery (N = 8, four dismantling dates X two treatments). The 
solid line is a regression for all data points; the broken line is a 
regression for only the solid circles. Solid circle data points eep- 
resent dismantling days after which saugeye had consumed 
mostly gizzard shad. 
in the treatment with gizzard shad. Gizzard shad densities 
were only greater in the gizzard shad treatment on day - 1, 
before saugeye were stocked (Fig. 4B; t-test, p - 8.801). 
Gizzard shad densities declined dramatically from 7 1.2-m-' 
1 d before saugeye were stocked to ~ 3 - m - '  1 d after stock- 
ing. After day 2, when densities were ~1.m- ' ,  gizzard shad 
could still be sampled in a pond without saugeye (Fig. 4B), 
suggesting that gizzard shad did not evade our ichthy- 
splankton net. 
Discussion 
Factors Affecting the Switch to Piscivory 
Neither saugeye size nor larval gizzard shad density 
affected the time required for saugeye to become piscivorous. 
Saugeye, as well as walleye (Parsons 1971 ; Knight et al. 
f 984; B.M. Johnson et al. 1988), can consume fish 33-50% 
of their total length. In our experiments, saugeye 30-49 mm 
consumed 14-mm gizzard shad 629-4796 of saugeye TL). 
Also, 30-mm saugeye, smaller than those percids dealt with 
in other studies (34-mm walleye, Mathias and Li 1982; 
39-mm saugeye, B.L. Johnson et al. 1988), were piscivo- 
rous. Although saugeye ~ 3 0  mm were not tested, these fish 
likely can consume gizzard shad as well. YOY saugeye of the 
size stocked into Ohio reservoirs can consume fish. 
The time for saugeye to switch to piseivory did not differ 
between bags containing 20 and 100 gizzard shad-rn-'. At 
both densities, saugeye consumed gizzard shad within 48 h; 
it is likely that the switch to gizzard shad occurred shortly 
after saugeye were added to bags, based on our bucket 
experiment results. Gizzard shad densities XIOem-' did not 
reduce the time required to switch. 
Although saugeye switched to piscivory within 48 h in 
our experiments, they do not switch this quickly when 
stocked into reservoirs at similar sizes (Stahl et al. 1992; 
o Gizzard Shad 
No Gizzard Shad 
r No Saugeye 
Days After Saugeye Stocking 
FIG, 4. (A) Mean (21  SE) saugeye wet weight through time 
(N = 4 ponds, with at Beast 10 saugeye weighed per pond) for 
the pond experiment done in 1992 at the Hebron State Fish 
Hatchery. Through time, saugeye wet weight increased faster in 
ponds with gizzard shad (see Table 1). (B) Mean 6 1  SE) gizzard 
shad densities through time (N = 4 ponds). Triangular data points 
are from a pond without saugeye, stocked simultaneously with 
the experimental ponds with an equal number of adult gizzard 
shad. Treatment differences (t-tests, aadj = 0.008) within a date are 
indicated by asterisks. 
Stahl 1993). Conceivably, larval gizzard shad densities 
<2O-m-' could inhibit the switch to piscivory by either being 
below an optimal gizzard shad density in relation to other 
prey or falling below a density where saugeye learn to con- 
sume a novel prey item. In our experiments, saugeye drove 
gizzard shad densities to zero; thus, this predator can exploit 
low prey densities and would likely switch to piscivory at low 
gizzard shad densities. However, high gizzard shad densities 
may be required for saugeye to switch to piscivory initially; 
once a single gizzard shad is captured, then saugeye may 
continue to consume shad. Saugeye exposed to low densities 
initially will experience a reduced encounter rate, which 
might deter pursuit because of added search time. Coupling 
low densities of gizzard shad with shorter dismantling times 
in another bag experiment would provide insight into required 
threshold densities for the switch to fish prey. 
One factor other than ichthyoplankton density that may 
cause a delayed switch to piscivory by saugeye is an abun- 
dant, alternate preferred prey. Lxge zooplankton have been 
mentioned as important for walleye growth and survival 
(Fox et al. 1989; Fielder 1992) and might be sufficiently 
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Days After Saugeye Stocking 
FIG. 5. Cumulative saugeye stomach contents in ponds (A) with and (B) without gizzard shad 
through time ( N  = 4, with at least 3 saugeye analyzed per replicate) for the pond experiment done 
in 1992 at the Hebron State Fish Hatchery. Zooplankton, chironomid, and total stomach contents 
did not differ (see Table 1). ZP = zooplankton. 
abundant in reservoirs to reduce the attractiveness of giz- zooplankton, then inshore sampling biases our view of the 
zard shad, thus delaying the switch to piscivory. Although time required for saugeye to switch to piscivory. To determine 
large zooplankton (cyclopoids and Daphnia spp.) were pre- the presence, size distribution, and diets of saugeye off- 
ferred in our experiments, these taxa comprised <<lo% of the shore, trawling or other methods should be attempted. 
community.   ow ever, when the combined absolute densi- 
ties of cyclopoids and Daphnia spp. in the ponds (19-125. 
L 1 - p o n d ' - d a t e - l ) ,  and to a lesser extent in the bags 
(0-37-~-[treatrnent-'.date-~), and to a lesser extent in the 
bags (0-37~-'-treatmentp1-date-'), are compared with max- 
imum densities of cyclopoids and Daphnia spp. in four Ohio 
reservoirs sampled in 199 1 (10-56-L'-reservoir ' ;  Stahl 
et d. 1992), preferred zooplankton abundance tiid not appear 
to be limiting in our experiments It is likely not the factor 
inhibiting the switch to piscivory by saugeye in Ohio reser- 
voirs. A delayed switch also could result from spatial sep- 
aration of saugeye and larval gizzard shad. YOY saugeye 
are collected inshore with seines and electrofishing gear 
(B.L. Johnson et al. 1988; Stahl et al. 1992), but their dis- 
tribution within reservoirs as a whole is unknown. Although 
larval gizzard shad are present inshore and offshore at the 
water's surface (Petering and Johnson 1991; Allen and 
DeVries 1993), and this fish is the primary prey for stocked 
saugeye (B.L. Johnson et al. 1988; Stahl et al. 1992), the 
extent to which these fishes overlap spatially in the water 
column is unknown in Ohio reservoirs. B.L. Johnson et al. 
(1988) indicated that saugeye do consume more littoral 
fishes than walleye, indicating a possible spatial separation 
from larval gizzard shad found primarily in the open water. 
Just as larval fish increase activity and range with size 
(Miller et al. 1988), so may saugeye and gizzard shad. Thus, 
the switch to piscivory may be delayed by inadequate spa- 
tial overlap, being resolved when saugeye or gizzard shad 
increase their range through growth, as shown for walleye and 
yellow perch (Perca flaveseens) (Lyons 1987). Quantifying 
the spatial distribution of YOY saugeye and gizzard shad 
would provide insight into this issue. Finally, a perceived 
delayed switch could derive from sampling bias, as has been 
documented for fish larvae and their zooplankton prey 
(Frank 1988). If spatial distribution or range of YOY saug- 
eye increases with size, and small saugeye remain inshore, 
and thus do not overlap with ichthyoplankton and consume 
Piscivory and Growth 
Although no gizzard shad were found in stomachs of pond 
saugeye, saugeye probably consumed these shad. First, 
increased growth in the treatment with gizzard shad was 
not caused by differences in prey found in saugeye stom- 
achs. Weight of food in saugeye guts did not differ with 
and without gizzard shad. Saugeye growth differences were 
likely derived from differences in prey consumption that 
we were unable to quantify, specifically gizzard shad con- 
sumption. Second, gizzard shad availability was the only dif- 
ference in prey between treatments that could have increased 
saugeye growth in the treatment with gizzard shad. Although 
zooplankton densities were higher through time without 
gizzard shad, saugeye still grew fastest with gizzard shad. 
Densities of preferred zooplankters (cyclopoids and Daphnia 
spp.) and zooplankton electivity did not differ between treat- 
ments. Finally, saugeye had the ability to consume all giz- 
zard shad and clear their guts by the time we first sampled 
24 h after stocking. Calculations, based on YOY walleye bio- 
energetics (Madon and Culver 1993), show that saugeye 
possess the predatory and consumption potential (0.30 g- 
g-l-d-l  for comparable YOY walleye, Culver et al. 1992) 
necessary to eliminate gizzard shad from the pond and their 
stomachs within 24 h (Stahl 1993). Walker and Applegate 
(1976) also documented the elimination of forage fish within 
8 wk by stocked walleye (M = 25 000, 43.5 mm) in a prairie 
pothole. Given this tremendous predatory potential, it is not 
surprising that no gizzard shad were recovered from guts. 
Although no formal saugeye-free control ponds existed, we 
believe that gizzard shad were not evading our gear because 
we were able to sample them in a predator-free pond that 
had been stocked with the same number of adult gizzard 
shad simultaneously with our experimental ponds. Gizzard 
shad in our ponds with saugeye were likely eliminated by 
saugeye. 
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Piscivorous saugeye grew faster than zooplanktivorous/ 
benthivsrsus ones, as evidenced by both pond and bag exper- 
iments. Gizzard shad consumption drove saugeye weight 
gain. The influence of gizzard shad on growth was impres- 
sive - even though saugeye in ponds did not have access to 
gizzard shad for 10 days and grams per gram consumption 
was similar following gizzard shad elimination, their con- 
sumption of shad set the trajectory of the growth curve 
early, permitting saugeye in gizzard shad ponds to outgrow 
those in ponds without gizzard shad. In our bag experiment, 
saugeye that had access to more gizzard shad grew faster. On 
days O and 2, respectively, high-density bags had 1180 and 
58 gizzard shad, as compared with 20 and 91 gizzard shad 
in low-density bags. Thus, saugeye in the 1 0 @ m - ~  bags 
grew larger. As in the pond experiment, gizzard shad con- 
sumption set the trajectory of the growth curve early; saugeye 
in the high gizzard shad treatment were larger through the 
entire experiment despite gizzard shad availability and con- 
sumption being greater only through day 2. Further, by using 
only the bag treatment data after which gizzard shad had 
been consumed, the number of gizzard shad consumed by 
saugeye precisely predicted saugeye growth. 
Several mechanisms could account for greater growth of 
saugeye consuming gizzard shad as compared with those 
consuming zooplankton or chironomids. First, caloric den- 
sities of larval fish exceed those of chironomids or zoo- 
plankton (Cummins and Wuycheck 1971; Hewett and John- 
son 1992). In addition, assimilation efficiency for fish prey 
is greater than that for invertebrates (Brett and Groves 1979). 
Therefore, weight gain by a predator from an equal bio- 
mass of each prey item should be greatest for YOY fish. 
Also, because saugeye are natural piscivores, they may be 
able to forage for fish more efficiently than for either chi- 
ronomids or zooplankton. For example, on day 2 of the bag 
experiment, greater total biomass of prey in saugeye stom- 
achs in the high gizzard shad treatment coincided with 
greater gizzard shad consumption. Greater efficiency in 
assimilation and consumption coupled with high caloric den- 
sity of fish likely accounted for faster saugeye growth in 
ponds, as well as bags, with gizzard shad. 
Although saugeye survival was higher in ponds without 
gizzard shad, differences were small (43%) and likely more 
related to our counting procedures thm gizzard shad presence. 
In fact, in productive hatchery ponds, differences in sur- 
vival based on prey availability would be unexpected over 
only 11 d (Fox 1989). 
Our experiments did not determine if increased ichthy- 
oplankton density increases saugeye growth. Clearly, when 
saugeye co-occurred with gizzard shad, they grew faster. 
However, we did not maintain constant gizzard shad den- 
sities in our experiments; therefore, these data do not provide 
insight into the prey density required for maximum saugeye 
growth. As with most animals, saugeye consumption and 
growth will increase with increasing prey abundance until a 
maximum is reached. Understanding how maximum saugeye 
growth is achieved given different saugeye stocking param- 
eters (size, density, and time) and larval gizzard shad pop- 
ulation dynamics would be useful to managers. Greater under- 
standing can be achieved bough  manipulative saugeye growth 
experiments, field sampling of YOY saugeye and ichthy- 
oplankton, bioenergetics models specific for 30- to 58-mm 
saugeye (sensu B.M. Johnson et al. 1988; Wahl and Stein 
1991; Madon and Culver 19931, and, given the importance of 
size for YOY predators (Gutreuter and Anderson 1985; Miller 
et a]. 1988; Madenjian and Carpenter 1991; Madenjian et al. 
1991), an individual-based model for saugeye (sensu 
Madenjian and Carpenter 199 1; Madenjian et al. 199 1). 
Management Recommendations 
In nature, production of larval fish predators often coin- 
cides with production of abundant prey fish, which in turn 
enhances predator growth and survival (Momot et al. 1977; 
Adams and DeAngelis 1987; Wicker and Johnson 1987). 
Timing is important for stocked predators simply because 
prey fish must be appropriately sized (B.M. Johnson et al. 
1988) at a density that can sustain high growth rates (Jester 
1971; Stahl et al. 1992). Managers can control these fac- 
tors by manipulating saugeye size, reservoir type, or the 
time of stocking in relation to prey density or size. Our 
experiments demonstrate that saugeye as small as 30 mm 
could consume gizzard shad at densities of > ~ b m - ' ,  and 
through this consumption increase their growth. Thus, we 
conclude that saugeye should be stocked as large as possi- 
ble, but at least 30 mm, 1-2 wk before peak ichthyoplank- 
ton densities, in reservoirs where gizzard shad occur. 
Stocking at this size and time is advantageous for a vari- 
ety of reasons. First, with this scenario, saugeye capable of 
consuming larval gizzard shad will have energetically favor- 
able fish prey maximally available soon after stocking. 
Second, stocking saugeye slightly before the peak will allow 
saugeye time to increase their range to overlap spatially 
with, and perhaps "learn" to consume, prey fishes. Thus, 
any delay in switching to piscivory upon stocking occurs 
before peak ichthysplankton densities, preventing saugeye 
from missing abundant prey, which can grow quickly out 
of their window of vulnerability (B.M. Johnson et al. 1988). 
Likewise, fast growth by gizzard shad makes stocking saug- 
eye larger than 30-50 mm questionable. If reared in hatch- 
ery ponds, saugeye >50 mm may not be available for stwk- 
ing until Y O Y  gizzard shad are beyond a size range 
vulnerable to saugeye. Finally, although peak ichthyoplankton 
densities cannot be precisely predicted, they occur during 
2 wk in mid-May to early June in Ohis reservoirs (Stahl 
et al. 1992, 1993). Until methods for predicting gizzard 
shad hatch dates and recruitment to the pelagia have been 
developed, using historical data to predict peak ichthy- 
oplankton densities should suffice. Without these data, tim- 
ing of peaks can be bracketed by sampling ichthyoplank- 
ton at least weekly in spring for several years. By stocking 
238-rnm saugeye 1-2 wk prior to ichthyoplankton peaks, 
we believe that saugeye will be able to take advantage of 
larval gizzard shad, thereby improving their growth, sur- 
vival, and ultimate recruitment to the fishery. 
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